Based on first-principles calculations, we find novel valley-polarized quantum anomalous Hall (VP-QAH) phases and tunable topological phase transitions driven by the spontaneous magnetization within a half-hydrogenated Bi honeycomb monolayer. Depending on the magnetization orientation, four different phases can emerge, i.e., two kinds of VP-QAH phases, ferromagnetic insulating and metallic states. Significantly, when the magnetization is reversed from the +z to -z directions, accompanying with a sign change in the Chern number (from -1 to +1), the chiral edge state is moved from valley K to K'. Our findings provide a platform for designing dissipationless electronics and valleytronics in a more robust manner through the tuning of the magnetization orientation.
Based on first-principles calculations, we find novel valley-polarized quantum anomalous Hall (VP-QAH) phases and tunable topological phase transitions driven by the spontaneous magnetization within a half-hydrogenated Bi honeycomb monolayer. Depending on the magnetization orientation, four different phases can emerge, i.e., two kinds of VP-QAH phases, ferromagnetic insulating and metallic states. Significantly, when the magnetization is reversed from the +z to -z directions, accompanying with a sign change in the Chern number (from -1 to +1), the chiral edge state is moved from valley K to K'. Our findings provide a platform for designing dissipationless electronics and valleytronics in a more robust manner through the tuning of the magnetization orientation. Recently, there has been broad interest in the condensed matter physics community in the search for novel topological phases, as well as the tuning and understanding of the related phase transitions, aiming for both scientific explorations and potential applications [1, 2] . Among these novel topological phases is the quantum anomalous Hall (QAH) phase [3] [4] [5] [6] [7] , which is characterized by a finite Chern number and chiral edge states in the bulk band gap, and maintain robust stability against disorder and other perturbations [8] . Although the first proposal appeared over twenty years ago, there were not few instances of experimental evidence for QAH phase within Cr-doped (Bi, Sb) 2 T e 3 at extremely low temperatures reported until recently [9, 10] . Some strategies to achieve QAH effects at high temperatures in honeycomb materials are proposed [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , such as by transitionatoms adaption [7, 12, 13] , magnetic substrate proximity effect [14, 15] , and surface functionalization [19, 20] . In honeycomb lattices, K and K' valleys similar to real spin, provide another tunable binary degrees of freedom to design valleytronics. By breaking the inversion symmetry, a bulk band gap can be opened to host a quantum valley Hall (QVH) effect, which is classified by a valley Chern number C v = C K − C K [22] [23] [24] . For technological applications, it is important to find a novel topological state that simultaneously shares the properties of both QAH states and QVH states, i.e. valley-polarized QAH (VP-QAH) phases, on the one hand, and learn how to drive transitions among different phases, on the other.
The element bismuth has the largest SOC strength in the periodic table of elements except radioactive elements. The above exotic topological quantum phases can be expected to emerge notably in the Bi-based materials. Actually, the star materials for three-dimensional (3D) TI are no other than the Bi-based materials-Bi 2 Se 3 , Bi 2 T e 3 , and Sb 2 T e 3 [25] . Bi-based material Cu x Bi 2 Se 3 is predicted as 3D time-reversal-invariant topological superconductor [26] . The honeycomb monolayer Bi film is two-dimensional (2D) TI with 0.5 eV SOC gap at Γ point [27] . A fully-hydrogenated (F-H) or halogenated Bi honeycomb monolayer is predicted a 2D TI with a record bulk band gap (> 1 eV) at K and K' points [28, 29] . For electron doping, the 2D TI F-H monolayer is predicted to host time-reversal-invariant p ± ip topological superconductivity [30] .
In this Letter, we report the theoretical finding of two novel kinds of VP-QAH topological phases with a gap of about 40 meV, and associated topological phase transitions caused by the magnetization orientation in a halfhydrogenated (H-H) Bi honeycomb monolayer. Other phases, shown in Fig. 1(a) , such as ferromagnetic (FM)-Metal and FM-Insulator phases, are found in several regions with different magnetization orientations. The magnetization orientation can be tuned via an external magnetic field or proximity induction by different magnetic substrates. Furthermore, these common experimental measures can be used to control the topological phase transitions in such a H-H Bi monolayer. Therefore, our findings provide an ideal platform for the design of dissipationless electronics and valleytronics in a robust and controllable manner.
First-principles (FP) calculations are performed using the projector augmented wave method implemented in the Vienna ab initio simulation package (VASP) [31] . Perdew-Burke-Ernzerhof parametrization of the generalized gradient approximation (GGA-PBE) is used for the exchange correlation potential [32] . The plane wave energy cutoff is set to 300 eV, and the Brillouin zone is sampled by a 24 × 24 × 1 mesh. The maximally localized Wannier functions are constructed by using the Wannier90 code [33] . Based on the constructed Wannier functions, we use an iterative method [34] to obtain the surface Green's function of the semi-infinite system, from which we can calculate the dispersion of the edge states. Figure 2 (a) plots the typical geometries for a F-H Bi monolayer, with three-fold rotation symmetry and inversion symmetry, like for graphane. The H-H Bi monolayer with a quasi-planar geometry can be obtained by removing half of the hydrogenation of the F-H Bi monolayer [28, 29] . Its three-fold rotation symmetry remains -100 Fig. 2(f) , one can find an obvious dip around the valley K and an imbalance between valley K and K', which indicates a nontrivial topological property of the bulk Bloch wave-functions. After integration of the Berry curvature throughout the whole Brillouin zone as well as around each individual valley, we obtain the Chern number C = −1 as well as C K −1 and C K 0, demonstrating its nontrivial topological features of simultaneously possessing both QAH and QVH phases. This is further confirmed by the analysis of edge states, band evolution mechanism and spin texture, which will be dis-cussed later.
In addition to the Chern number, the gapless edge mode inside the bulk energy gap provides a more intuitive picture to characterize the topological properties of the bulk. In Fig. 3 , we plot the band structures with their orbital projected character and the corresponding edge states of zigzag semi-infinite systems for four different cases. For the F-H Bi monolayer, the low-energy bands are dominated by the p x and p y orbitals of the Bi atoms as shown in Fig. 3(a) , and there are two helical edge states in the huge bulk gap of about 1 eV [ Fig. 3(e) ], which indicates a QSH phase. For the H-H Bi monolayer, the two relevant flat bands mainly consist of the p z orbital from the dehydrogenated-site Bi atoms, which are located in the original large QSH gap of the F-H monolayer. Moreover, the orientation of the magnetization dramatically changes the relativistic band structures, especially the two relevant bands straddling the In order to obtain a physical picture of the nontrivial topological properties of VP-QAH, we investigate the band structure evolution and the spin texture as shown in Fig. 4 . Without loss of generality, we analyze the case of the magnetization aligned along the +z axis. The evolution is divided into three stages, as schematically plotted in Figs. 4(a-c) . We start with the F-H Bi monolayer, whose low-energy band structure has a huge QSH band gap opened by on-site SOC [29] . Dehydrogenation from the A sublattice leads to a flat band mainly consisting of the p z orbital from Bi atoms of the A-sublattice around the Fermi level in the otherwise huge QSH gap [ Fig.2(c)] .
At the first stage of the band evolution, in Fig. 4(a) , the magnetization splits the flat p zA bands into two bands, p ↑ zA and p ↓ zA , where p zA means that the bands consist of the p z orbitals of the A-sublattice Bi atoms. Considering the electron filling, the Fermi level is located slightly lower than the p ↓ zA band. The intrinsic SOC plays a role in the second stage. From the pervious work [29] , it is known the bands with total angular momentum J {px,py} z = ±1/2 and J {px,py} z = ±3/2 constitute the lowenergy valence and conduction bands for QSH states in the F-H Bi monolayer respectively, as shown in Fig. 4(a) . The superscript {p x , p y } indicates the bands mainly come from the p x , p y orbitals. In the following, we will focus on the valence bands with J Fig. 4(c) , the intrinsic Rashba SOC breaks the band crossing and opens a gap around valley K, and results in a nontrivial state, i.e. VP-QAH state, which is validated from the spin texture for the relevant p z orbital valence band. As plotted in Fig. 4(d) , the Skyrmion-type spin texture around valley K can be mapped onto a whole spherical surface and thus gives rise to a nonzero winding number (Chern number) in the momentum space. Moreover, since there is only one Skyrmion around valley K, rather than valley K', the imbalance leads to a QVH effect. Consequently, a VP-QAH state emerges sharing novel properties of both QAH states and QVH states.
The effective minimal two-band Hamiltonian around two valleys K and K' is given to demonstrate the lowenergy properties of the H-H Bi monolayer in the spin splitting basis {| − M , |M }, which are linear combinations of |p 
where
. a, t R and 2λ so are the lattice constant, the strength of intrinsic Rashba SOC, and the intrinsic SOC strength, respectively. v f is the Fermi velocity. M , θ and φ are the respective strength, polar and azimuthal angles of the magnetization. η k is the angle between the vector k and the x axis. τ = ±1 labels two valleys K and K'. The last term is the intrinsic Rashba SOC term. By fitting the band structures using both FP and the above two-band model, these parameters can be determined as v f = 1.1 × 10 6 m/s, λ so = 0.7eV , M = 0.32eV , and t R = 0.02eV .
In the second stage, for the +z axial magnetization case, the crossing of the p ↑ zA and p ↓ zA bands around valley K (see Fig. 4(b) ) is critical, which provide a pivot for the subsequent intrinsic Rashba SOC. Both of these two constituents result in an inverted band gap as shown in Fig. 4(c) . Whether the two bands are crossing depends on the order of the eigenvalues in Eq. (1) when it is considered without the Rashba SOC term. It leads to the relations between M and λ so , 0 < ( ) and y components of the Zeeman term will also break the above crossing, resulting in a trivial phase. However, the nontrivial properties remain unchanged as long as Rashba SOC dominates the x and y Zeeman components. This requirement makes further restrictions on the ratio of M and λ so . For the case where the magnetization is along the negative z axis, the spin splitting is reversed, and band evolution with similar mechanism takes place around the K' valley.
On the experimental side, Bi monolayers with a buckling honeycomb lattice and films have been manufactured via molecular beam epitaxy [35] . On the other hand, chemical functionalization of such 2D materials is a powerful tool to create new materials with desirable features, such as modifying graphene into graphone (semihydrogenated graphene), graphane and fluorinated graphene using H and F, respectively [36] . The buckled honeycomb geometry of the Bi monolayer makes it possible to saturate the chemical bonds of Bi atoms on only one sublattice. Therefore, it is a very promising that a H-H Bi honeycomb monolayer may be synthesized by chemical reaction in solvents or by exposure of a Bi monolayer or ultrathin film to atomic or molecular gases.
In summary, we find topological phase transitions in a H-H Bi honeycomb monolayer via tuning the orientation of the magnetization. Depending the orientation of the magnetization, there are four different phases, i.e. VP-QAH1, VP-QAH2, FM-Insulator, and FM-Metal, as shown in Fig. 1(a) . The mechanism for the nontrivial topological phase is given and a low-energy effective Hamiltonian is provided to capture the essential physics. As one of the potential applications, it is possible to make a homogeneous junction by applying external magnetic fields with different orientations or by virtue of magnetic substrates at different regions of a H-H Bi monolayer film sample, as shown in Fig. 1(b) . Fully valley-polarized chiral edge states along these boundaries emerge and can be utilized as dissipationless conducting wires and chiral interconnects to lower the power consumption of de-vices in electronics and valleytronics. These make the hydrogenated Bi honeycomb monolayers an ideal platform to investigate SOC relevant physics, novel topological states and the related phase transitions, and indicate great potential for the practical applications in a controllable manner.
